Mixing of solid particles, which can be obtained from concrete constituent, were studied as the original point to deal with the problem of mixing concrete. Since mixing of solid particles has been considered as a fully mechanical operation, mixing will never occur unless input energy is applied. Therefore, the electrical power consumed by the mixer was selected as the parameter. This power consumption was experimentally obtained. By applying some assumptions for the state of mixture, the interaction between two different particles can be estimated from binary mixture. The method to predict the electrical power consumption for mixing of the mixture between coarsefine-powder is also proposed.
INTRODUCTION
For concrete engineering; mixing must be one of the oldest processes and it has always been regarded as a simple operation. It remained one of the most neglected operations in the concrete engineering practice. Not so many serious attempts were made to investigate it in the past. This is partly because comparatively crude methods of mixing concrete can be made effective if they operate for a sufficient period of time; but mainly it is because the fundamentals of the process are not fully understood. Therefore, the mechanism of mixing concrete is not yet well known.
It has already been reported by Uomoto et al. 1) 3) that the inspection of the distribution of coarse particles and mortar in concrete may not be enough to evaluate good mixing. The properties of concrete both in fresh and hardened state can be significantly changed according to the electrical power consumption during mixing although concrete becomes a uniform mix as electrical power consumption increases. In order to obtain the same property concrete, concrete has to be mixed with the same total electrical power consumption per unit volume of concrete (EPC) regardless of the type of mixer. Although mix proportion has some effect on the relation between concrete properties and EPC, it was found that the relation is almost the same and the value of EPC at 0. 5 Whll was proposed as the most sufficient value to mix normal concrete.
In order to study the electrical power consumption during mixing concrete, that of mixing of solid particles was studied as the original point. In most of the practical cases, it is possible to mix each concrete constituent in a dry state for a certain period of time before water is added. This paper presents experimental results of solid mixing, not only for each single material but also for the mixture, and the empirical method to predict the electrical power consumption during mixing of mixture between coarse-fine-powder is also proposed.
EXPERIMENTAL OUTLINE
The experiments were carried out with a "Pan" type mixer whose capacity was designed as 50 liters and constant rotation speed for all mixing volume as 74 rpm. The properties of materials used are shown in Table 1 . In all the cases, mixing time was kept constant at 180 sec. The mixing energy is defined as the increment of the electrical power consumption during mixing from the electrical power required to drive the empty mixer.
The mixer was loaded with different volumes of each type of material in case of mixing single material. In case of binary mixtures (coarse fine, fine + powder, coarse+powder), the mixer was loaded with 30 liters of coarser particles at the beginning (ratio between solid volume of fine particles and total solid volume or VS fI Vst=0) and finer particles were gradually added in order to obtain a different combination of mixture. The mixer was loaded until VS fl VSt was approximately 0. 5 because the full capacity of the mixer could be reached. The experiment of the same material was repeated by loading finer particles to the mixer first (VS fl Vst=1. 0) and gradually adding coarser ones until VS fl Vst was approximately 0. 5. The same loading method was also applied to the case of mixing of three types of materials (coarse+fine+ powder). Three different mix proportions were tested as shown in Table 2 . However, for analysis in this system, the solid volume of fine particles (Vsf) was defined as the summation of the solid volume of fine particles and powder.
EXPERIMENTAL RESULTS AND DISCUSSION
The mixing of solid particles is a purely mechanical operation since there is no particulate motion equivalent to the molecular diffusion of gas and liquid. The relative movement of the particles can not occur without an energy input to the mixture in order to destroy the structure of particles and allow the particles to change their positions. Once movement begins, the particles may randomize or segregate depending on the type of movement imposed to the system (type of mixer), mix proportion and also the physical characteristics of the constituent such as size, shape, density, elasticity, etc..
An energy input to the mixture in this study can be measured by considering the electrical power consumption of the mixer during mixing. Actually the electrical power is consumed by several aspects such as interparticle friction, collision, etc.. In this study, however, interparticle friction is believed to consume the highest energy since the energy consumption by different materials at the same mixing weight were not the same. It was found that the relation between total electrical power consumption per unit solid volume (Wh/l) with time is always linear, in other words, the electrical power consumption during mixing is almost constant as shown in Figs.1(a) and 1(b) respectively. From the relation shown in Fig.1(a) , the electrical power consumption per minute of certain material and mixing volume can be calculated from the slope of this relation.
(1) Mixing of single material
The experimental results are shown in Figs.2(a) and 2(b). Among the solid particles, it was found that coarse particles (G20 and G13) consumed the largest electrical power while powder (slag) consumed the least. The unit of the vertical axis, "Wh/l -min" , means the energy required to mix the unit solid volume of a certain type of material for one minute. It can be observed that when the bulk volume (volume of void is included) of material inside the mixer is approximately 25 to 50 liters or about a half to full designed capacity, the electrical power consumption is almost constant as shown in Fig.2(a) . From this observation, the bulk volume of material in mixer during mixing is controlled to Table 1 Properties of materials used in this study Table 2 Mix proportion for mixture of three types of material Since the electrical power consumption during mixing of each single material depends on many factors such as particle size, shape, surface texture etc., no accurate model to estimate the electrical power consumption during mixing has been proposed. It seems to be reasonable to obtain these values from experimental approach. (2) Mixing of mixture As shown in Fig. 3 , all the experimental results were plotted in the same figure. The horizontal axis is solid volume ratio of fine particles and the total solid volume in mixture. The vertical axis is "energy factor, R" obtained by normalizing the electrical power consumption per unit solid volume of mixtures by that required by coarse particles alone. In these experiments the value of 1. 298 Wh/1-min is used which is the average value for G20. It can be clearly seen that once finer particles were added to the system of coarser particles (VS fl VSt from 0. 0-0. 5) electrical power consumption decreased. On the other hand, if coarser particles were added to the system of finer particles (VSfIVsf from 1. 0-0. 5) an adverse effect can be observed from the gradual increase in the electrical power consumption. This phenomenon can be observed in all the cases of mixture except in the case of mixing of coarse particles and powder (G20 + Slag and G13+Slag) as shown in Fig. 7 (c) and 7(d). This is mainly because of the effect of segregation due to size difference (rather than density). Therefore, the coarse particles could not be dispersed properly when they were added to the system of powder. However, when powder was added to the system of coarse particles a reduction in the electrical power consumption can be observed.
The reduction of the electrical power is caused mainly by the higher fluidity of mixture due to the entrapment of finer particles in between the coarser particles. This entrapment is caused by a mechanism so called "interparticle percolation"5), the penetration of the smaller particles through the large paticles simply due to gravity or subjected to some relative movement. Therefore, the interparticle friction can be changed from completely coarsecoarse interaction to a combination of coarsecoarse, coarse-fine and fine-fine interaction (Fig. 4) . When the amount of fine particles exceeds certain value, the mixture will behave just in the same manner with the fine particles in between them. This may be due to the interparticle friction controlled mainly by fine-fine interaction (see also R=energy factor corresponding to the energy required by mixture =energy factor corresponding to the energy kC f=energy factor e-coarse interaction (equal to 1. 0) kC f=energy factor corresponding to the energy required by coarse-fine interaction kff=energy factor corresponding to the energy required by fine-fine interaction In order to predict the electrical power required by the mixer, the idealized state of mixture during mixing is considered. This state can be changed according to the mix proportion as shown in Figs. 5(a) and 5(b). It should be kept in mind that this idealized state of mixture may not be attained after the mixing process, because the force of attraction between solid particles does not exist. In the case of mixture with rich amount of coarse particles, segregation of fine particles to the bottom of the mixer usually takes place.
Besides considering the idealized state of mixture during mixing the following assumptions are also considered. 1. All particles are sphere. when no excessive fine particles exist where VSO=solid volume of coarse particles Vi=solid volume of coarse particles which can be coated by fine particles V5C2=solid volume of excessive coarse particles VS f=solid volume of fine particles VS f1=solid volume of fine particles required to coat all the surface of coarse particles VSf2=solid volume of excessive fine particles VSt=total solid volume By applying the same way of thinking, the equation for mixture of coarse-powder as well as fine-powder can be written in the same manner as shown in equations (4) and (5) by simply considering the larger particles as coarse particles and the smaller one as fine particles. The energy factor, k for the corresponding particle interaction such as coarse-fine (kf), fine-powder (k fp) and coarsepower (kip) can be calculated by substituting the experimental results to equations (4) and (5) . It can be found that these interactions are almost constant for all mix proportions as shown in Fig. 6 . According to the assumption (6), the average values are used as the representatives. The results of the calculated energy factor made by adopting the above equations are shown in Fig. 7 . From  Fig. 7 (c) and 7(d) which represent the mixing of required by coarse-powder interaction kp p=energy factor corresponding to the energy required by powder-powder interaction kfp=energy factor corresponding to the energy required by fine-powder interaction kfp=energy factor corresponding to the energy required by coarse-fine-powder interaction By assuming that the mixture of three types of material can be obtained by adding powder to the system of binary mixture of coarse and fine particles. Considering all the assumptions as in the case of the binary mixture, then equation (6) can be simplified. The possible combinations are shown in Fig. 8 . From equation (6), all the binary interaction such as kf, kip, k fp can be obtained from the previous section. However, kcfp is still unknown. Since the electrical power consumption has been observed to be reduced significantly when powder was added to the binary mixture of coarse and fine particles (see also Fig. 3 ). Then kC fp is assumed as kfp=/3*kcf where 9=non-dimensional reduction factor The value of j3 can be defined by considering the following system
From the above diagram, on the left hand side, considering the binary system consists of VSO and VSf, the amount of Vs fis exactly equal to the amount required to coat all the surface of VSO. Then powder with an amount of Vsp which is exactly equal to the amount required to coat all the surface of VSO (V1) and VSf (V2) is added to form mixture of three type of materials. This system is deviled to become two independent sub-systems, coarse-powder and fine-powder systems, as shown in the right hand side of the diagram. Then, 9 is defined as Three different mix proportions as in Table 2 were tested. In Fig. 9 , a comparison between the experimental results and the predicted curves obtained from equations (6)- (8) 
